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ABSTRACT 

The average v a r i a t i o n  of temperature with height  i n  the  Martian 

atmosphere i s  probably con t ro l l ed  by r a d i a t i v e  and convective p rocesses ,  

With t h e  use of a simple t h e o r e t i c a l  formulation i n  which i t  i s  

assumed t h a t  convection w i l l  extend t o  t h a t  height  above which t h e  

r a d i a t i v e  equi l ibr ium l a p s e  r a t e  i s  j u s t  s t a b l e ,  t h e  average temperature 

p r o f i l e  i s  computed. It i s  assumed t h a t  t h e  average su r face  temperature 

i s  230K, t h e r e  i s  no absorpt ion of s o l a r  r a d i a t i o n  i n  t h e  atmosphere, 

and carbon dioxide i n  an amount equal t o  2% by volume i s  the  only 

important r a d i a t i n g  gas .  The r a d i a t i o n  f luxes  are computed w i t h a t h e  

a i d  of r a d i a t i o n  t a b l e s ;  t h e  r a d i a t i v e  equi l ibr ium temperatures are  

c a l c u l a t e d  using an i t e r a t i v e  procedure. The computed temperature 

p r o f i l e  i s  cha rac t e r i zed  by an a d i a b a t i c  troposphere extending t o  

about 9 km, above which t h e  temperature continues t o  decrease wi th  

he igh t  t o  an average value of about 90K f o r  t he  topmost 5mb l a y e r ,  

A u71+012 
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I. INTRODUCTION 

The average v e r t i c a l  d i s t r i b u t i o n  of temperature i n  a p lane tary  

atmosphere i s  genera l ly  cont ro l led  by t h e  fol lowing processes:  

(1) r a d i a t i o n ,  ( 2 )  convection, and (3 )  condensation phenomena. 

Hor izonta l  eddy t r anspor t  and advection of h e a t ,  though important a t  

va r ious  l a t i t u d e s  and seasons, should not  a f f e c t  t h e  average v e r t i c a l  

temperature  d i s t r i b t u i o n .  The Martian atmosphere and, t o  a s m a l l e r  

e x t e n t ,  t he  e a r t h ' s  atmosphere a r e  l a r g e l y  t r anspa ren t  t o  s o l a r  r a d i a t i o n .  

Thus, most of t h e  s o l a r  energy i s  no t  absorbed d i r e c t l y  i n  t h e  atmospheres 

of t h e s e  p l a n e t s  but  r a t h e r  a t  the p l ane ta ry  s u r f a c e s .  T h i s  energy i s  

then t ransmi t ted  t o  t h e  atmosphere by i n f r a r e d  r a d i a t i v e  and convect ive 

t r a n s f e r .  I n  t h e  e a r t h ' s  atmosphere, but  probably not  on Mars, t h e  

r e l e a s e  of hea t  i n t o  t h e  atmosphere by condensation of water vapor 

accompanies the  r a d i a t i v e  and convective p rocesses ,  The combination of 

t h e s e  processes  i n  t h e  e a r t h ' s  atmosphere resu l t s  i n  an average t ropo-  

sphe r i c  l apse  r a t e  of about 6K/km, which i s  about 60% of t h e  l apse  r a t e  

t h a t  would be produced by dry convection alone:  t h e  a d i a b a t i c  l apse  

r a t e .  Radia t ive  processes ,  both short-wave absorp t ion  and long-wave 

emission, i f  allowed t o  a c t  a lone i n  t h e  e a r t h ' s  atmosphere would 

produce a temperature d i s t r i b u t i o n  c l o s e  t o  a d i a b a t i c  i n  t h e  t roposphere 

and c l o s e  t o  t h e  observed temperatures i n  t h e  uppe r  s t r a t o s p h e r e  (Manabe 

and M611er,.lWi). Thus, i n  t h e  e a r t h ' s  s t r a t o s p h e r e ,  t h e  c o n t r o l l i n g  

processes  a r e  p r i n c i p a l l y  r a d i a t i v e .  
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The temperature distribution in the Martian atmosphere is unknown, 

Present knowledge concerning the Martian atmosphere indicates that: 

condensation phenomena and absorption of solar radiation by the atmos- 

phere can be neglected. The major processes affecting the average 

vertical temperature distribution in the Martian atmosphere are then 

infrared radiation and convection. In the present study, we compute 

the average vertical temperature distribution on Mars on the basis of 

a simple model which, though primarily a radiative equilibrium model, 

permits the effect of convection to be considered. 

. 
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I1 THEORETICAL FORMULATION 

A s  stated in the Introduction, the important processes controlling 

the temperature structure of the Martian atmosphere are infrared 

radiation and convection. If one computes the temperature distribution 

that would result from radiative transfer alone, one obtains a radiative 

equilibrium temperature profile. For an atmosphere such as Mars' or 5 

the earth's, the infrared radiative equilibrium temperature profile is 

characterized 5y extreme convective instability in the lower layers 

(see, for example, Goody, 1954, De Vaucouleurs, 1954). Because of its 

instability, such a temperature profile cannot exist; convection takes 

place and the temperaturesin the lower layers are changed. The new 

lapse rate is determined by convective equilibrium rather than radiative 

equilibrium and is equal to the adiabatic lapse rate (in the case of 

the earth's atmosphere condensation processes further change the 

prevailing lapse rate). The height to which convection extends depends 

upon infrared radiation processes; convection will extend to that 

height above which infrared radiation produces a stable lapse rate 

(Goody, 1954). This level separates a convective troposphere from a 

radiative equilibrium stratosphere and can be referred to as the 

tropopause, Simple as this theoretical formulation may be, it does 

improve upon a theory based upon radiative equilibrium alone in that 

the effect of convection, if not the actual mechanisms, are included, 

and it does permit estimates of the height of the tropopause, This 

formulation has been applied to the Martian atmosphere previously 
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(Goody, 1957); however, the surface temperature used, 270K, i s  

probably about 40K higher  than t h e  average su r face  temperature (see 

s e c t i o n  on phys ica l  model). 
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I11 COMPUTATIONAL TECHNIQUE 

Our goa l  is t o  determine the  average temperature  s t r u c t u r e  i n  t h e  

Martian atmosphere on t h e  bas i s  of a convect ive t roposphere ly ing  below 

a r a d i a t i v e  equi l ibr ium s t r a tosphe re  t h a t  i s  thermally s t a b l e .  The 

computations a r e  based upon the  i n i t i a l  va lue  method of computing 

r a d i a t i v e  equi l ibr ium temperatures ( see  Manabe and Mb’ller, %l) .Star t ing 

wi th  an i n i t i a l  isothermal  atmosphere whose temperature  i s  equal  t o  t h e  

average Martian su r face  temperature,  we compute t h e  i n f r a r e d  r a d i a t i v e  

temperature  change r a t e s  as a funct ion of h e i g h t .  

app l i ed  t o  t h e  i n i t i a l  t e m p e r a t u r e  profile i n  order to obtii~ a ~ e w  

temperature  p r o f i l e .  This  process i s  continued u n t i l  a temperature 

p r o f i l e  is  obtained f o r  which the  r a d i a t i o n a l  rates of temperature change 

are n e g l i g i b l y  small. A t  each s t a g e  of t h e  c a l c u l a t i o n s ,  however, t h e  

temperature  p r o f i l e s  are checked f o r  i n s t a b i l i t y ;  i f  any l aye r  has  a 

l apse  r a t e  g r e a t e r  than the  a d i a b a t i c ,  t h e  temperatures  a r e  brought back 

t o  t h e  a d i a b a t i c  curve p r i o r  t o  the  next  c a l c u l a t i o n  of r a d i a t i o n a l  r a t e s  

of  temperature change, Such i n s t a b i l i t i e s  w i l l  occur ,  according t o  t h e  

prev ious  d iscuss ion ,  i n  t h e  lower l a y e r s  of t h e  atmosphere, Throughout 

t h e  computation t h e  su r face  temperature is h e l d  c o n s t a n t ,  Within t h e  

l i m i t s  of t h e  t h e o r e t i c a l  formulat ion,  t h e  f i n a l  tempera ture  p r o f i l e  

ob ta ined  from t h e s e  c a l c u l a t i o n s  should be r e p r e s e n t a t i v e  of t h e  average 

tempera ture  s t r u c t u r e  of t h e  Martian atmosphere. 

These r a t e s  a r e  then 

The r a d i a t i o n a l  rates of temperature change w e r e  determined from 

t h e  divergence of t h e  n e t  f l u x  of r a d i a t i o n  wi th  h e i g h t ,  as computed 
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w i t h  the  a i d  of Elsasser's (1960) r a d i a t i o n  t a b l e s .  Carbon dioxide i s  

assumed t o  be t h e  only important r a d i a t i n g  gas ,  and t h e  15p band of 

carbon dioxide t h e  only important band. Following Elsasser's no ta t ion ,  

t h e  upward and downward f l u x e s  of r a d i a t i o n  a t  any reference l e v e l  can 

be w r i t t e n  as (see Elsasser, 1960, and Hales, e t  a l ,  1960) 

T 

F t ( 0 )  = 0T: - I, R(u,T)dT 

F .1 ( 0 )  = \To  R(u,T)dT + 

0 

R(u, ,T)dT 

IT1 
'0 

where 

I 

and Ft (0) and F 4 ( 0 )  are the upward and c3wnwarc r a d i a t i o n  f l u x e s  

a t  t h e  reference level, u i s  the Stefan-Boltzmamconstant, T i s  t h e  

ground temperature,  u i s  t h e  reduced carbon dioxide p a t h  l eng th  

( increasing upwards and downwards from t h e  r e fe rence  level) ,  T i s  

temperature,  T i s  t h e  temperature a t  t h e  top of t h e  atmosphere, T i s  

t h e  temperature a t  t h e  reference l e v e l ,  u i s  t h e  reduced carbon 

d iox ide  pa th  length from t h e  top of t h e  atmosphere t o  t h e  r e fe rence  

l e v e l ,  B i s  the  black-body energy pe r  u n i t  s p e c t r a l  i n t e r v a l ,  and T 

i s  t h e  f l u x  t r a n s m i s s i v i t y .  The i n t e g r a l  i n  Equation (1) and t h e  f i r s t  

i n t e g r a l  i n  Equation (2) follow t h e  a c t u a l  temperature-path-length 

r e l a t i o n s h i p  i n  atmosphere; t he  second i n t e g r a l  i n  Equation (2) i s  a 

boundary t e r m ;  t h e  i n t e g r a l  i n  Equation (3) extends over t he  15y carbon 

dioxide band. 

g 

1 0 

1 

V 
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The net flux at any level is given by the difference between the 

upward and downward fluxes, 

(0) = Ft (0) - F L  (0) Fne t 

The radiational rate of temperature change can be obtained from 

the vertical divergence of the net flux 

where AT/At is the radiational rate of temperature change for a layer 

of pressure thickness Ap, g is the acceleration of gravity, c is the 

specific heat of the atmosphere at constant pressure, With g = 373 cm sec , 

c = 0.24 cal g-ldeg , AFnet in cal cm day 

can be written as 

P 
-2 

-1 -2  -1 and Ap in mb, Equation (5) 
P 

The atmospheric integrals in Equations (1) and (2) are evaluated 

numerically by dividing the atmosphere into eight layers of thickness 

10 mb and one layer (the topmost) of 5 mb. Mean temperatures and path 

lengths for each layer are used to obtain the values of R from expanded 

tables of R, which have been computed by Hales, et a1 (1960). A s  

suggested by Elsasser (1960), a linear pressure correction is applied 

to the path lengths to correct for pressure broadening of the absorption 

lines 

-- 

7 



L 

Figure 1 .  Extrapolated values of Elsasser's R function for 
carbon dioxide a t  se lected  path lengths.  
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IV, PHYSICAL MODEL 

A value of 230K is  adopted f o r  t he  average su r face  temperature of 

Mars. This  va lue  i s  based upon a t h e o r e t i c a l  es t imate  (Ohring, e t  a l ,  

1962) t h a t  i s  i n  reasonable  agreement ,af ter  a l lowing f o r  d i u r n a l  e f f e c t s ,  

wi th  t h e  i n d i c a t i o n s  of sur face  temperature obtained from observat ions 

of t h e  thermal emission of Mars. The most probable  va lue  of su r face  

p re s su re  i s  about  85 mb ( D e  Vaucouleurs, 1954) and t h e  a d i a b a t i c  l apse  

r a t e  i s  about 3.7K/km (Kellogg and Sagan, 1961). 

The exact composition of the  Martian atmosphere i s  s t i l l  unce r t a in ,  

bu t  n i t rogen  i s  be l ieved  t o  be the  major component. Water vapor has not 

been decected spec t roscop ica l ly  but  i s  be l ieved  t o  be present  i n  small 

q u a n t i t i e s  ( l e s s  than about 10 cm p r e c i p i t a b l e  water). Ozone has not  

been de tec t ed  but  may be present ;  an upper l i m i t  of 0.05 cm has been 

given by Kuiper (1952). In  the  p re sen t  c a l c u l a t i o n s ,  t he  Martian 

atmosphere i s  assumed t o  be dry and devoid of ozone. 

-2 

The only gas t h a t  

has  been de tec t ed  spec t roscop ica l ly  i n  the  Martian atmosphere i s  carbon 

d ioxide .  Grandjean and Goody (1955) i n  a r e -ana lys i s  of Kuiper ' s  (1952) 

near i n f r a r e d  measurements de r ive  a carbon d ioxide  content  of about 2% , 

assuming a su r face  pressure  of 85 mb. 

carbon d ioxide  conten t  of 0.03% by volume i n  t h e  e a r t h ' s  atmosphere. 

Assuming t h a t  t h e  carbon dioxide i s  uniformly mixed i n  the  Mart ian 

atmosphere, we can w r i t e  t he  pressure  co r rec t ed  pa th  length  as 

This  compares t o  an average 

o u  = 4 3 . 4  i& Ap ( -> (7) 

10 



where h is the carbon dioxide path length in cm NTP of a layer of 

thickness Ap mb and average pressure 

and with the theoretical formulation and computational techniques 

outlined above, we can now compute the average vertical distribution 

of temperature in the Martian atmosphere. 

mb. With this physical model 
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V. RESULTS 

The computed temperature p r o f i l e  and an a d i a b a t i c  p r o f i l e  are 

i l l u s t r a t e d  i n  Figure 2 ;  t h e  crosses  r ep resen t  temperatures obtained 

from a n  atmosphere t h a t  i s  i n i t i a l l y  isothermal  a t  230K, and t h e  c i r c l e s  

r ep resen t  temperatures obtained from a n  atmosphere t h a t  i n i t i a l l y  has an 

a d i a b a t i c  temperature p r o f i l e  and a s u r f a c e  temperature of 230K. A t  no 

level  i s  t h e  d i f f e r e n c e  between t h e  two sets of computed temperatures 

g r e a t e r  than 5K. The troposphere extends t o  a height  of about 9km where 

i t  i s  topped by a tropopause whose temperature i s  196K. Above the  

tropopause t h e  temperature decreases a t  an average ra te  s l i g h t l y  less 

than  a d i a b a t i c  t o  about ?OK near 42 ~ I I I  ( 2 . 5  mbj This l a s t  temperature 

r e p r e s e n t s  t h e  average temperature of t h e  topmost 5 mb l aye r  of the 

Martian atmosphere. 

t i o n  of t h e  p r o f i l e  computed by Goody (1957) f o r  t h e  same carbon dioxide 

con ten t  bu t  w i t h  a s u r f a c e  temperature of 27OK. Goody's computed 

tropopause i s  a t  about t h e  same he igh t  as ou r s .  

t h e  shapes of both curves are i n  reasonable  agreement up t o  about 20 mb. 

b u t  above t h i s  l e v e l  our temperatures decrease more r a p i d l y  than Goody's, 

This discrepancy may be due t o  a number of f a c t o r s ,  including the low 

he igh t  r e s o l u t i o n  i n  t h e  upper p a r t  of our model atmosphere, t he  boundary 

cond i t ion  w e  imposed a t  t h e  top of t h e  atmosphere and t h e  ex t r apo la t ed  

R va lues  used a t  t h e s e  he igh t s .  

p r o f i l e s  are t h e  same: 

Also shown i n  F igu re  2 i s  a n  approximate r ep resen ta -  

Above t h e  tropopause 

I n  any c a s e  t h e  major f e a t u r e s  of both 

(1) An a d i a b a t i c  troposphere extending t o  about 9 km; and 

12 
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T E M P E R A T U R E  ( O K )  
Figure 2 .  Computed v e r t i c a l  d i s t r i b u t i o n  of temperature i n  the  Martian 

atmosphere. Crosses r ep resen t  temperatures obtained from an  
i n i t i a l  isothermal  s t a t e ;  c i r c l e s  r e p r e s e n t  temperatures ob- 
t a ined  from an  i n i t i a l  a d i a b a t i c  state.  Goody's (1957) pro-  
f i l e  and a n  a d i a b a t i c  p r o f i l e  (dashed l i ne )  are a l s o  i n d i c a t e d .  
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(2)  A s t r a t o s p h e r e  t h a t  i s  s t a b l e  but wi th  temperature  s t i l l  

decreasing with he igh t .  

It i s  i n t e r e s t i n g  t o  no te  t h a t  a t  t h e  low temperatures  which w e  

have computed f o r  t h e  30 t o  40 km region ,  carbon d ioxide  would condense, 

Such a condensation might have some connection with t h e  b lue  haze 

observed i n  t h e  Martian atmosphere. 

es t imated temperature d i s t r i b u t i o n  with any 

f i r s t  a s c e r t a i n  how much water  vapor and ozone i s  a c t u a l l y  present  i n  

However, before  we  can adopt ou r  

degree of c e r t a i n t y  w e  m u s t  

t h e  Martian atmosphere. Ozone e s p e c i a l l y ,  i f  p re sen t ,  would a f f e c t  t he  

s t r a t o s p h e r i c  temperature  d i s t r i b u t i o n  through i t s  d i r e c t  absorpt ion 

of s o l a r  r a d i a t i o n .  Thus, t h e  computed temperature  d i s t r i b u t i o n  should 

be  considered as a t e n t a t i v e  estimate of t h e  t r u e  temperature  d i s t r i b u -  

t i o n .  Addi t iona l  computations should be made a s  soon as b e t t e r  

e s t ima tes  of t h e  average water vapor and ozone con ten t s  become a v a i l a b l e ,  

14 
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